The viscosity of plasma is largely influenced by its protein content, but the qualitative distribution of protein is also important. Variations in fibrinogen have relatively greater effects than albumin or globulin inasmuch as the fibrinogen molecule is long and slender. Moreover, the complex interrelationships between proteins have an influence. Thus, fibrinogen in saline affects viscosity more than in plasma. 3 True in vivo viscosity is very difficult to measure; consequently, the in vitro methods that are nearly always used must be considered as only approximate reflections of the true in vivo state. In rigid tubes, flow is inversely related to viscosity. In vivo, blood passes through the living capillary with less apparent viscosity than in a glass capillary. 4 Myocardial infarction is followed by increases in fibrinogen in the blood, which are roughly correlated with the severity. 5 Using eleetrophoretic methods, changes in globulin have also been reported. 0 Serum mucoproteins also show increases following myocardial infarction. 7 Presumably, an increase in plasma viscosity will occur following myocardial infarction, which might cause a corresponding increase in blood viscosity and further compromise the impaired circulation.
This study was undertaken to ascertain the changes in viscosity of blood and plasma, associated with myocardial infarction and the relation of these changes to the plasma protein.
Methods Patients with a diagnosis on admission of niyoeardial infarction were studied. Based on subsequent observations, including electrocardiograms, determinations of serum transaminase and the clinical course, they were divided into groups: those with myocardial infarction (mild and moderate to severe) in one, and those with angina pectoris or coronary insufficiency, but without recent myocardial infarction in another. As a control, an additional group of patients without coronary artery disease admitted for treatment of psychiatric conditions was similarly studied. These as a group were definitely younger in age.
Viscosities were determined the day of admission or the morning after admission (most initial samples were obtained within 24 hours of the precipitating incident), and on 3 subsequent occasions over a period of 7 to 8 days. Hematocrits and sedimentation rates were determined at the same time.
Blood was drawn into tubes containing an appropriate amount of dried ammonium (60 percent) and potassium (40 per cent) oxalate to give a concentration of 0.2 per cent, as this has been found to cause a minimum change in cell volume. 8 The viscosity of whole blood and plasma was determined in duplicate in an Ostwald viscometer immersed in a water bath at 37 C. ± 0.2 C. The capillary of this viscometer was approximately 80 mm. in length and 0.6 mm. in diameter. Since blood is a pseudo plastic fluid, its viscosity is non-Newtonian and 2 points on a flow pressure curve are needed to ascertain its pseudoviscosity. Hence, additional determinations were made at pressure increments of 10, 20 and 30 cm. H 2 O respectively. The viscosity of blood was such that very slow flow occurred with the head of pressure inherent to the viscometer, so determinations were made only with additional pressure increments of 10, 20 and 30 cm. of H 2 O respectively. The viscometers were calibrated with distilled water at the same temperatures and pressures. The nature of the Ostwald viscometer is such that the effective head of pressure varies during the determination and the average head varies from instrument to instrument, though approximating 10 cm. H 2 O. To eliminate this variation in viscometei's, we have elected to study the slope between increments of pressure •Initial refers to first observation within 24 hours of entry; 2 refers to second observation 24 hours Inter; 3 refers to third observation 2 days later; 4 refers to last observation 1 week after entry. where '/' is time of flow of water, t is time of flow of specimen, P t designates a determination at one pressure, and P 2 designates a determination at a higher pressure. This likewise eliminates the necessity of correcting for differences in specific gravity. To minimize intrinsic differences in viscometers, the same instrument was used for each of the several studies on a given subject. It is realized that there may be theoretical objection to comparison of pseudoviscosity as determined by the Ostwakl viscometer with that occurring in vivo, in that the glass capillary is a rigid tube and the flow rate varies continuously. Other methods have similar or other inherent defects, making comparison of results obtained by different methods difficult. Even when the same method is used, a different instrument will give a different result in measuring the viscosity of a non-]Sfewtonian solution where we are "measuring an unknown function of dimensions of an instrument with some physical properties of a liquid." 9 Plasma proteins were studied by the salt fractionation of Wolfson et al. 10 Fibrinogen, however, was determined by the biuret method of Ware.
11
Cholesterol determinations were made according to Kanter et al. 12 Results
Proteins
,• Table 1 shows the average serial fluctuations in proteins in 9 patients with myocardial infarction and 11 normal controls. The normal group showed initial fibrinogen levels ranging from 180 to 450 mg. per cent with an average of 315 mg. per cent. None showed subsequent increases of more than 45 mg. per cent nor did any subsequently exceed 400 mg. per cent. The patients with myocardial infarction had initial fibrinogen levels of 360 to 616 mg. per cent with an average of 441 mg. per cent, and all exceeded 400 mg. per cent during the course of observation. The maximum rise was 715. mg. per cent occurring in a patient who reached a peak of 1143 mg. per cent.
By our methods, no significant serial changes in the other protein fractions could be demonstrated. Consequently, only fibrinogen was determined in the latter part of this study. Figure 1 shows a typical graph of the serial observations of the viscosity of whole blood and plasma on a patient with myocardial infarction based on determinations tabulated in table. It will be noted that the projected graph of plasma intercepts the base line of zero flow at approximately that of water. This indicates that for this instrument used over the range studied, the flow of plasma is Newtonian, and its apparent viscosity may be referred to as viscosity relative to water. On the other hand, the projected graph of whole blood intercepts the line of zero flow at a pressure greater by 2 cm. of water indicating a yield value of this amount, and that its viscosity must be referred to as pseudoviscosity. This differs from true viscosity by virtue of taking into account this yield value, and is determined by comparing its slope to that of water. Hereafter, in this paper, viscosity as applied to whole blood will refer to pseudoviscosity, whereas that applying to plasma will refer to relative viscosity.
Viscosity Studies
Observations of whole blood viscosity in a group of 20 patients with myocardial infarction and 8 patients with coronary insufficiency are shown in table 2. There is a progressive increase in pseudoviscosity of whole blood in both groups with a barely significant increase in the final determination as compared with the initial (p = 0.06 for the infarction group and p = 0.03 for the coronary insufficiency group). There was a statistically insignificant tendency for the hematocrit to fall in the infarction group. In contrast, there was a significant rise in the hematocrit in the coronary insufficiency group (p = 0.05). This indicates that the increase in blood viscosity of patients with myocardial infarction is related to factors other than the red cell concentration (manifest by the hematocrit), such as the viscosity of plasma, whereas the increase in blood viscosity in the coronary insufficiency group could well be related to the change in hematocrit. Table 3 shows the average serial chauges in plasma viscosity in 17 normals, 16 patients with coronary insufficiency, 44 patients with myocardial infarction, and 4 patients with pericarditis. As compared to normals, significant increases in viscosity were noted in patients with either mild or moderate to severe myocardial infarction at the time of the second, third and fourth determinations, but not initially. There was likewise a significant increase in viscosity of the group with moderate to severe infarction as compared to the group with mild infarction. Furthermore, significant serial increases in viscosity occurred in the patients with myocardial infarction between the initial and second determinations, and between the second and third determinations. These serial increases totaled approximately 4 per cent in the mild group and 13 per cent in the moderate to severe group. No significant differences were demonstrated between the normal group and that with coronary insufficiency, nor were there any serial changes of statistical significance. The small group of patients with pericarditis showed serial increases in viscosity similar to patients with myocardial infarction. is apparent. Table 4 shows the average serial determinations of 12 normal controls and 15 patients with myocardial infarction in whom determinations of plasma viscosity and fibrinogen were made. Again, litt'e variation in the normal group is noted, whereas the group with myocardial infarction shows significant increases in fibrinogen content with significant serial rises in fibrinogen which are correlated with the severity of infarction.
Relation of Plasma Viscosity to Pseudoviscosity of Blood at Hematocrit of Forty
It was apparent from the observations concerning whole blood viscosity that it would be difficult to separate the influence of changes in hematocrit from that of changes of viscos- ity of plasma on the viscosity of whole blood. Consequently a study was made of the relation of plasma viscosity to that of whole blood adjusted to a common hematocrit (after determining the hematocrit, an appropriate amount of plasma was added to 5 ml. of whole blood so the resulting hematocrit was 40) to verify the reported relationship of blood viscosity to that of plasma. If confirmed, the easier determination of hematocrit and plasma viscosity could replace determinations of whole blood viscosity. Table 5 gives the average serial values for viscosity of plasma and pseudoviscosity of blood adjusted to a hematocrit of 40 in 12 normals, 15 patients with myocardial infarction and 7 patients with coronary insufficiency. As compared to normals, the patients with infarction showed a significant increase in whole blood pseudoviscosity at all 4 sampling times and a significant serial increase between the first and second and second and third determinations. There was no significant difference between the normal group and that with coronary insufficiency. In general, changes are concordant; however, only about half of each group individually showed entirely concordant changes.
Calculations from table 5 show that, in general, whole blood at a hematocrit of 40 is 2.1 times as viscous as plasma, but the range varies from 1.93 to 2.37. Analysis was made concerning the possible relationship of the hematocrit with the viscosity of plasma and with the pseudoviscosity of blood adjusted to a hematocrit of 40. None was apparent. Table 6 shows the serial changes in hematocrit in myocardial infarction, coronary insufficiency and a group of normals. Significant (p<0.05) decreases occur between the initial and third determination in the group of mild, severe and total infarctions, and between the iiiitial and fourth determinations in the group with severe infarction. The group with coronary insufficiency shows increases in hematoerit over the initial determinations, not however, of the statistical significance suggested by our earlier observations. The normal group shows no significant changes in hematocrit.
The patients with coronary insufficiency show significantly lower hematoerits at the initial and second determinations when compared to the normal group. The patients with myocardial infarctions, both the subgroups and total, show hematoerits significantly lower than normal at the third determination with total and severe infarcts showing significant decreases also at the second determinations. The fall in hematocrit in myocardial infarcCirculation Research, Volume VIU, September I960 tion may well be related to sodium retention and increased plasma volume. The normal (younger) group had hematoerits which averaged 2 mm. higher than the other groups.
Inasmuch as the sedimentation rate might be a measure of a factor affecting rouleaux formation and hence viscosity of whole blood, the algebraic differences between viscosities of whole blood adjusted to a hematocrit of 40 and its plasma were compared with the sedimentation rate. There was no apparent relationship.
A group of 8 patients with myocardial infarction, adequately treated with anticoagulants, showed a serial increase of 9 per cent in plasma viscosity and 10 per cent in viscosity of blood adjusted to a hematocrit of 40, whereas a group of 7 patients inadequately treated with anticoagulants (prothrombin times greater than 40 per cent showed a serial increase of 5 per cent in plasma viscosity and 3 per cent in blood viscosity. The differences are probably related to the severity of infarction with the more severe cases receiving adequate anticoagulant therapy, but tend to confirm the previous finding 1 * that anticoagulants do not lower viscosity.
Cholesterol Table 7 shows the serial fluctuations of cholesterol in the various groups studied. There was relatively little change in the normal group. The group with coronary insufficiency tended to show a serial rise, not, however, statistically significant. In contrast, the group with myocardial infarction showed a progressive fall with the more marked change related to severity of infarction, but again, not statistically significant, although' initially the cholesterol level was significantly higher than that of the normal group. Pishberg 14 reported that cholesterol lowered the viscosity of serum and found that a 20 per cent increase in content of cholesterol was accompanied by a 6 per cent decrease in viscosity. Since we were unable to increase the cholesterol content of either serum or plasma by shaking serum or plasma with an excess of cholesterol provided the mixture was filtered prior to analysis, we were unable to corroborate his findings.
Discussion
The pseudoviscosity of whole blood showed a significant serial rise in myocardial infarction despite a tendency for the hematocrit to fall, later shown in a larger series to be significantly decreased. Were it not for this decrease in hematocrit the pseudoviscosity of whole blood would have been some 4 per cent higher. The pseudoviscosity of whole blood in patients with coronary insufficiency also showed a serial increase in viscosity in a small group, but in this case accompanied by an increase in hematocrit.
Our results confirm previously reported increases in plasma fibrinogen following myocardial infarction and their correlation with the degree of severity. We failed to find significant changes in the other proteins.
As might be expected, the pseudoviscosity of whole blood (adjusted to a hematocrit of 40) and the viscosity of plasma also showed significant serial increases of 4 to 12 per cent. in patients with myocardial infarction which were correlated with increases in fibrinogen.
A group with coronary heart disease as manifest by angina peetoris or coronary insufficiency, but without recent infarction, also showed serial increases of 4 per cent (not statistically significant) in the pseudoviscosity of whole blood (adjusted to a hematocrit of 40) and the A'iscosity of plasma, but without any associated increase in fibrinogen. This suggests further study of changes in other proteins using electrophoretic or ehromatographic methods.
The changes in viscosity demonstrated would further decrease an inadequate coronary blood flow as well as favor further thrombosis. Efforts to lower the increased fibrinogen by enzymes such as plasminogen might be wa-ranted in an attempt to lower the viscosity.
The serial decrease in cholesterol levels in patients with myocardial infarction, though not presently of statistical significance, emphasizes the importance of noting the relation of the determination of cholesterol with the time of myocardial infarction in a statistical survey. A similar initial fall in cholesterol following myocardial infarction has been previously reported. 15 
Summary
Following myocardial infarction, the pseudoviscosity of whole blood and the viscosity of plasma increase significantly. The increase in viscosity is correlated with increase in fibrinogen. Both are correlated with the severity of the infarction. The pseudoviscosity of blood adjusted to a hematocrit of 40 shows fair correlation with the viscosity of plasma.
